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I .. INTRODUCTION 
10 Object and Scope of Investigation 
The object of this program is to determine the blast 
effects on buildings and structures by investigating the load-capacity 
of steel structures and elements under both static and dynamic conditions. 
For a static load the load-capacity can be obtained in the form of the 
load-deflection and moment-curvature relatio~~hips for the structureo 
When the structure is loaded dynamically, the resistance or load-capa.ci ty 
is no longer a function oP~Y of the deflection but can depend also on the 
strain rate and possibly the timeo ~hus, a second objective of the 
program is the correlation of the dynamic and static resistanceso 
Previous~ the emphasis of the program hap been concentrated 
on investigations of the static resistance of steel structures 0 The 
results of these investigations have been summarized in the report 
"static and Dynamic Load-Deflection Tests of Steel Structures tl which is 
the final report of the program for the period from 15 September 1953 to 
1 September 19540 These studies have indicated that the static resist-
ance or load-deflection relationship can be obtained by means of the 
available theories of plasticity if the influence of strain-hardening of 
the material is included in the analysis and if the structure does not 
develop a lateral or local failure during the loading process.. A limited 
2 
study of two incomplete aspects of the static response problem have been 
included in the,present contract and the results of these studies have 
been distributed as technical reports. The first of these investigations 
is concerned with the influence of strain hardening of the material on 
the response and resistance of obliquely loaded steel beams(l)*. The 
second investigation was a study of the effect of combined bending and 
shear on the resistance and deflections of steel wide-flange beams(2)o 
Abstracts of these reports are included in the Appendixo 
The major emphasis during the present contract has been 
placed on the investigation of the dynamic resistance of mild steel 
structures a The determination of the dynamic resistance and the correla-
tion of the dynamic and static resistances for various structures have 
been studied by both experimental and analytical methodso In the experi-
mental studies, several types of specimens have been tested under a 
v'arie'ty of loading conditions 0 The results of the various experimental 
investigations have been reported in References 3 through 6) Section II10 
Abstracts of the contents of these reports are included in the Appendixo 
The information obtained from the various experimental investigations has 
been used: 1) to determine the dynamic resistances for the structures; 
2) to determine the variations in the form of the dynamic resistance; and 
3) to pro·~ide experLllental data fox' use in checking the applicability and 
validity of the methods of analysis that have been developed. 
* Numbers in parentheses refer to similarly numbered items in the list 
o~ reports) Section IIIo 
From the results of the tests it has been found that the 
dynamiC resistance of a structural element can differ appreciably from 
the static resistanceo 
The analyses of the dynamic bep~vior of the test structures 
vere made using a single-degree-of-freedom approximation to the actual 
test structureo However, different approximations-to the form of the 
dynamic resistances of the structures were made by the two principal 
investigators, Howland3 and Mayerjak4 0 
Howland assumed that the resistance of the structure was of 
3 
an elasto-viscous nature similar to the resistance of mild steel to uni-
axial deformation if tiupperrt and "delayed" yield effects are neglected 
but the dependence of the instantaneous re~isting stress upon the rate 
of general yielding is reta~edo ~ter general yielding is completed 
u~d strain hardening begins, it is assumed that the dynamic resistance 
is the same as the static resistanceo In the formulation of the resist-
ing function, parameters were included to take into account the distribu-
tion of the load, the boundary conditions, the shape of, the cross section 
of the structural element, and the material from which it was made. 
Mayerjak based bis comput~tions on the stress-strain relation-
ship for the material rather than the overall resistance of the structureo 
T~e dynamic increase in resistance was taken into account by increasing 
the stress level of general yielding in accordance with the average strain 
rates expectedo This procedure is fairly accurate sL~ce the relation 
between the stress level and the rate of general yielding for mild steel 
is relatively insensitive to changes in strain rate no greater than one 
crder of magnitude, a range which includes the average strain rates 
encountered in the testso 
4 
Using the "dynamic" stress-strain relationship, Mro Mayerjak 
computed dynamic resistance-de~lection relationships ·for his frames by 
the same general method used in obtaining the static load-deflection 
curves if inertia effects are neglected. This procedure is not restricted 
to statically determinate systems or those which can be approximated by 
single-degree-o~-freedom analogs. 
Howland later modified his procedure to a simpler tfapproximateTt 
method in which the general form of the dynamic resistance function for 
the structure is the same as that for static loading except ~or an 
increase in the level of the fully plastic resistance. This level is 
determined by a consideration of the elastic response of the structure as 
compared to the dynamic resistance computed using the velocity dependent 
relationship of Howland's first methode The approximate method, which is 
explained in detail later in this· report, was 'used to compute values for 
the dynamic fully plastic resistances of the specimens as tested with 
their various loadingso These results are compared with the values of 
fully plastic resistance obtained by tests in which the data are inter-
preted on the basis of the single-degree-of-freedom analogo 
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IIo RESULTS OF DYNAMIC TESTS 
3 CI Introduction 
During the past year, twelve specimens have been tested 
under dynamic loading conditions. A summa.ry of the various specimens 
tested is presented in Table 1. In these twelve tests, a number of vari-
ables have been considered incl~ding the shape of the cross section, the 
orientation of the cross section with respect to the lateral load, the 
lower yield stress for the material, constant thrust in addition to the 
applied lateral load, and, in the case of the model frames, statically 
determinate and statically indeterminate structureso The results of the 
tests have been briefly summarized in Tables 2 and 30 In attempting to 
correlate and compare the results of the dynamic tests only the loadings 
that have resulted in relatively large inelastic deformations have been 
considered 0 
For each series of tests performed dynamically one or more 
specimens were tested statically in order to determine the validity of 
the available procedures for estimating the static load-deflection rela-
tionshipo All of the dynamic test data obtained have been interpreted on 
the basis of the static response of the structureso The details of the 
tests are described in the reports listed in Section rIlo 
In order to compare the results of the various tests listed 
in Table 1 the approximate method described in Reference 3 bas been usedo 
With this method the dynamic resistance can be estimated by considering 
the elastic response of the structure. 
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4. Approximate Method for Estimating Dynamic Resistance 
Two methods of solving the response problem have been propos-
ed in Reference 3. The first procedure involves the assumption of the 
form for the resistance and requires a considerable expenditure of time 
to solve a single problem. From the solution of several problems using 
the assumed resisting function it was found that the dynamic resistance 
was relatively insensitive to variations in the velocity and that a 
reasonably simple method could be used to estimate an equivalent TTfully-
plastic lt resistance which could replace the complex time-dependent 
resistance for a statically determinate structure. 
From the derivation of the time-dependent resistance it was 
found that the dynamic tffully-plastic ll resistance r fP ' can be related to 
the static IIfully-plastic" resistance r fp and the velocity of the struc-
ture by the following expression: 
where: r fp and r fp are the dynamic and static "fully-plastic!! resistances, 
respectively, divided by the static elastic limit resistance; u t is a 
dimensionless velocity; T is the period of the elastic structur~ € is 
sy 
the elastic limit strain for the material; ~ is a constant determined by 
the load distribution and the boundary conditions; Band n are constants 
determined by the relationship between the lower yield stress for the 
material and the strain rate; and [oM'/M ) is a dynamic T1 shape factortl. 
. sy 
The dimensionless velocity u t can be determined from the following 
expression: 
where w is the velocity of the structure and w is the static elastic 
sy 
limit deflection of the structureo 
8 
The approximate method for estimating the value of rl for a fp 
given structure and loading is as follows: 
1) For the structure subjected to the given load, and 
assuming that the structure rema~s elastic, determine the displacement 
and velocity; 
2) For each value of the displacement determine the elastic 
resistance; 
3) For each value of the velocity determine the dynamic 
T1fully-plasticf1 resistance r fP; 
4) When the elastic resistance at some displacement equals 
the dynamic lIfully-plastic" resistance determined from the velocity at the 
same displacement, the structure is assumed to yield and, for greater 
values of the displacement, the resistance of the structure remains at a 
constant magnitude. The constant resistance phase is continued lh~til 
the static resistance, which includes the effect of strain b~rdening of 
the material, provides a greater resistanceo This assumption of the form 
of the dynamic resistance is restricted to statically determinate structureso 
5 . Constants for Dynamic Test SpeCimens 
In order to use the approximate method for estimating the 
dynamic resistance of the various test specimens several constants for 
each specimen must be selected. These constants reflect the influence 
9 
of the load distribution, the shape of the cross section, and the mechan-
ical and time sensitive properties of the material on the resistance. 
The values of the constants selected for the various test specimens are 
summarized in Table 4~ 
The constant ~, which is a measure of the effect of the load 
distribution and boundary conditions on the reSistance, has been taken 
as equal to 0.1 for most of the beams subjected to a concentrated load 
at mid-span and for the model frames with a rigid girder. For specimen 
49 D 3 I 7.5 a value of ~ of 0.2 was required to obtain the maximum 
displacement (See Reference 3). For the 4 M 13.0 beams and the model 
frames with a flexible girder various values of ~ were used, as shown in 
Fig. 4 .. When thrust is added to the 4 M 13.0 beams the value of 13 has 
been increased slightly. 
The constants Band n, which are determined from the relation-
ship between the lower yield stress and the strain rate; have been 
- selected as shown in Table 40 In Reference 3, Band n were related to the 
ratio of the maximum tensile stress the material can sustain to the static 
lower yield stress (See Fig. 7 of Reference 3)0 However, if this relation-
ship is used in estimating the resistance of the model frames, the predicted 
resistance is considerably greater tp~n the resistance measured in the 
tests. It has been found that a satisfactory estimate of the resistance 
can be obtained by assuming that Band n can be related directly to the 
static lower yield stress, a circumstance made possible by the relative 
insensitivity of the material to changes in strain rate. From the data 
presented in Fig. 7, Reference 3, the values of Band n can be estimated 
from the following expressions: 
B = 0.989 - 0.017 a 
sy 
n = 0.408 - 0.006 a 
sy 
where a is the static lower yield stress in ksi, n is dimensionless, 
sy 
and B has the dimensions of seconds to the n-th power. 
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The dynamic shape-factor [oMr/M ] can be estimated from the 
sy 
follo~ng expression: 
where c is the half-depth of the section, I is the second moment of the 
area about the centroidal axis, and z is the distance of a fiber from the 
neutral axis. 
6. Correlations of Results of Dynamic Tests 
For each of the specimens shown in Table 4 the displacement 
and velocity for the structure were determined asslli~ing that the structure 
remained elastic. From the velocities and displacements the dynamic 
II fully-plastic!! resistance was estima.ted. The results of these estimates 
are shown in Table 5. Also shown in the table are the ··r8ti,o'of, ·the 
dynamic resistance to the static l!fully-plastic ll resistance and the. yield 
stress required to obtain r fp . 
For the statically determir~te beams the value of the yield 
stress required to obtain the dynamic !!fully-plastic!! resistance ranged 
from 48.7 to 5703 kSi J as shown in Table 5. However, as can be seen in 
II 
the table, the yield stress remained nearly constant for a given cross 
section shape and orientationo 
Further information concerning the resistance of determinate 
structures has been obtained from the tests of the model frames with a 
rigid girder. The yield stress values for these structures varied from 
59.8 to 61.2 kSi J increasing as the magnitude of the applied load 
increased 0 From the results of these tests it is possible to compare the 
predicted resistance r fp with the resistance of the frames determined from 
the test data, as shown in Table 60 . From Table 6, it can be seen that the 
dynamic resistance can be ftpredicted" reasonably well by means of the 
approximate method using constants derived from a variety of sourceso 
From the tests of the 4 M 1300 beams a limited amount of 
information concerning the effect of an axial load on the response of 
beams has been obtained 0 When the resistance of the beam-columns was 
predicted using the approximate method, it was found, as shown in Table 5, 
that the dynamic IIfully-plasticlf resistance was slightly less than the 
resistance of the correspond.ing beamo This Ilfully-:plasticfl resista.T'J.ce, 
however, is the total internal resistance of the beam-column. In order to 
find the resistance of the structure to a lateral load, the total resist-
ance must be decreased by an amount that depends on the magnitude of the 
thrust and the deflection of the structure. At present, a method for 
subtracting the effect of the thrust from the total internal resistance 
has net been developed and is to be considered during the next contract 
period 0 
In comparing the resistance of the model frames, the difference 
between the resistance of a determinate and indeterminate structure can 
12 
be noted. The model frames with the rigid girder are determinate 
because of the symmetry of the deflected shape of the columns, while the 
frames with the flexible girder are indeterminate. Both types of frames 
were tested using the same apparatus and with the same magnitudes of 
applied lateral load. USing the approximate method to analyze the 
frames with flexible girders, it was found, as shown in Table 5, that 
the predicted resistance was only slightly less than the resistance of 
the frames with rigid girders 0 In both series of tes·ts acceleration 
measurements were made from which it was possible to determine the 
resistances of the structures. The measured resistances are compared 
with the theoretical resistances fo~ the two types of frames in Fig. 1. 
From this figure it is obvious that the dynamic resistances of the 
frames differ appreciably after yielding has occurred and that the 
assumption of the inelastic resistance remaining constant is.only true 
for the frames with the rigid girder. In the case of the frame with a 
flexible girder the resistance is r~ at the start of the inelastic !P 
range but as the deflections increase the dynamic resistance increases 
and gradually approaches the static load-deflection relationship-
This ·bebavior can be computed as illustrated in Reference 4. 
The essential differences betwee~ the resistances of the 
determinate and indeterminate frames can be traced to the following 
deformation histories 0 For the determinate frame the inelastic regions 
or hinges are formed simultaneously at the top and bottom of the 
columns and the hinges are deformed at equal ratesu As indicated in 
References 3 and 4 the increased load capacity of the material occurs 
13 
in the !lflatlf portion of the stress-strain relationship; the load-
capacity in the strain hardening region being relatively insensitive to 
the strain rate. Thus the increased dynamic resistance exists until 
strain hardening occurs in the hinge) that is) a nearly constant 
resistance r fp exists between the elastic range of deflection and the 
static strain-hardened resistanceo 
In the case of the frame with the flexible girder the hinge 
at the base of the column forms first and the initial increase in the 
resistance results from the rate of deformation of this hinge. The 
hinge at the top of the column forms at a later time and is deformed at 
a slower rate than the base hinge. Thus the contribution of the top 
hinge to the resistance is less than that of the base hinge but is 
realized for a greater range in the deflection. ~nus) for the indeter-
minate structure) the increased capacity should be less than the increase 
for the determinate structure but should persist for a greater range of 
deflections. Since the base hinge strain hardens while the top hinges 
are yielding, the increased dynamic resistance gradually approaches the 
static load-deflection relationship as i~dicated in Figo 10 
7- Conclusions 
Comparisons of the specimen resistances obtained experiment-
ally with those computed using the approximate method indicate that: 
1. The ratio of the dyr-amic fully plastic resistance 
to the static fully plastic resista~ce is not changed 
appreciably by changing the orientation of the cross 
section) span of the beam) or shape of the cross 
14 
section. (This indicates that the increased resistance 
is a function of the specimen material and not the 
conformation of the specimeno) 
2. For the tests considered, the dynamic fully plastic 
resistance can be related to the static lower yield 
stress of the material. (This indicates that the 
actual critical strain rates occurring in the test 
structures were of the same order of magnitude or 
that the material is relatively insensitive to changes 
in strain rate. ) 
3. The addition of a constant axial load did not change 
the total internal resistance of the structure appreci-
ably from the value it would have bad if no thrust 
were present. 
Major differences in the form of the dynamic resistance-
deflection relationship were noted when the resista.~ce of the determinate 
and the indeterminate structures were compared 0 
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..... 0 s:I S 'r! .r! 
st 
·ri (l) 
Xr-! 
~~ 
A 
0·59 
0087 
1·34 
2.14 
2·75 
0·78 
3·94 
0.86 
2.66 
0.36 
2.03 
0·53 
0.86 
1·50 
1084 
0·55 
0·91 
1.84 
2.67 
0082 
1026 
2.14 
3.60 
1.02 
2·59 
* Deflection which was obtained for each drop or loading. 
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I : I 
I 
0 
~ 
~ ti ~ ~ 
l·58 
2·33 
3059 
5·73 
7·37 
1·79 
9·04 
4.10 
12.67 
3.87 
21.83 
1.62 
2063 
4.59 
5·63 
2.24 
3·70 
: 7·48 10.85 
2.20 
3·38 
5·74 
9·65 I 
4.15 I ! 
10·53 i 
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TABLE 3 SUMMARY OF RESULTS OF DYNAMIC TESTS OF MODEL FRAMES 
~ ~ +> +> to Applied Load .r-! to .r-! ~ +> Ep:j S ;::j Deflection 
'r-! ... or-! ~ ~~ p ~ ....:I(J) ....:I s:= C,.) to 0 0 Hor-! Max. Max .. ttl C,.) s:= Pi C) or-! s:: ~ 
H or-! $ or-! .r-! +' or-! @ '0 Load p. Deflection* ~ +> ~ +> C,.) W 
til to U) (J) H ~ P m m ctlor-! ttlr-l (J)-r-l If" W -r-I tJ.l r--!tH ~ m m w 
~(J) Ii1 (J) ~ kip.s sy in. sy p:j ~ 
6 3.25 0.130 4.174 5·47 1.68 0.924 7011 
7 3·~5 0.130 6;641 5·96 1.83 1.344 10·34 
8 3·25 0.130 9·442 6.87 2.13 1·754 13·49 
----- 9·13 2.81 1.806 13.89 
9 3·25 \ 0.130 20·781 9·00 2·77 3·50 26·92 
M-2 2055 00187 .... ---- 4.26 1.67 0083 4.44 
----- 5·15 2.02 1024 6063 
M-3 2055 0.187 ----- 4.82 1089 1·345 7·19 
----- 5·90 2·31 1.78 9·52 
MA-2 2~15 ·093 ----- 6.12 2.85 2.485 26072 
-
* Deflection which was obtained for each drop or loading. 
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TABLE 4 SUMMARY OF CONSTANTS USED IN APPROXIMATE ANALYSIS 
s:: 
0 
-+' s:: ~f~ ~ Ct'J 'r! .r-! CD Q) Cf.l S ............ rd w co.. s:: ~ (l) .r-! 'M s:: ......., 
OJ H o ~ CD H s:: s:: rd 0 ,......, S ill H+'~ or-! 'r-l Pil ~ - I ~ 0 t) --r-l.,Q (f.l Q eel 0 .. r:Q s:: G-! CD ::E! CD -r-lE-ia> co.. 
-I ~ ~ ~ u ... 'r-! ~ H ::E! ~ (.()~ H CD ~ til '1""4 rd ~ +,+,U (l) '1""4 (.():::! P;!Zi +':-1 CD CD l1.) 'r-l P-t r-I ......., (f.l ctl (l) b ctl S r-I ~ 
+' 'r-! r-I ... '1""4 L...-..i 
Cf.l:>i ~ ~ S 
til 
w 
46D3I705 3200 1067 0.471 00232 1.202 1,,141 36 .. 54 0.10 00420 
47D3I705 3705 1250 00330 00162 1.202 10162 33,,98 0010 0·327 
48D3I7·5 3200 1067 00453 0.225 10202 1.154 22044 0.10 0 .. 443 
49D3I7.5 3200 1061' 0 .. 453 0.225 1.202 10154 11.68 0.20 0.438 
40x4Ml300 36.8 1227 00325 0.160 1.151 1 .. 095 20·7 0,,10 0.328 
0.20 0.293 
4lx4Ml3·0 36.8 1227 00325 0.160 l.151 1.095 20~8 0 .. 20 0.293 
v 0.25 0.282 
40y4Ml300 36.8 1227 0·325 0.160 1·525 10404 37·2 0.20 0.342 
0·30 0.321 
41y4M1300 36.8 1227 0·325 0.160 1·525 1.404 3802 0.30 0·321 
0·35 0·312 
Frame 6 4407 1490 00268 0.140 1.i45 10078 1201 0.10 0.298 
n 7 4407 1490 0.,268 0.140 1.145 1.078 12.1 0.10 0.298 
Tl 8 44·7 1490 0.268 0.140 10145 1.078 1201 0 .. 10 0 .. 298 
It 9 44·7 1490 0 .. 268 0,,140 10145 10078 1201 0010 0.298 
Frame M-2 4407 1490 0.268 0.140 1.145 1.078 l5.8} {olO 0.286 
II M-3 44·7 1490 0.268 0.l40 10145 1.078 1508 0,20 00260 
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TABLE 5' PREDICTED DYNAMIC· f1FULLY PLASTIC rt RESISTANCE 
Ct-i . Resistance ~ o H 0 Lower 
Q) H 012; S Q) ~ Yield 
or-!,.Q ~ PI rO ~ ~ bOOm stress or-! H 0 r' P-tZ ~(::lH w. ri fp f3 fp r f °dy p 
46D3I7·5 24 10918 10596 5101 0.1 
4703I7·5 48 10718 1.429 5306 0.1 
48D317·5 48 2.043 1·700 5404 0.1 
49D317.5 72 2 .. 152 1·790 57 .. 3 0.1 
49D317·5 72 1·999 1.663 53·2 002 
40x4M 72 1.620 . 1.408 51.8 0.1 
72 1·591 10383 50·9 0.2 
4lx4M 72 1.605 1·395 51.4 0.2 
I 72 1·593 10384 51.0 0025 
L;~4M 48 2 .. 085 1.367 5003 0.20 48 2.050 1·344 49·5 0030 
\ 41y4M 12 2.033 10333 - 49,,1 0·30 
12 2.016 1·322 48.7 0·35 
! 
; Frame 6 1 1·532 1·338 .. 59·8 0.1 
tl 7 1 1·547 10351 60.4 0.1 
1T 8 1 1·550 . 1·354 60·5 0.1 
It 9 1 1.567 1·369 61.2 0.1 
Frame M-2 1 1·530 1.336 59 .. 7 0.1 
1 1.488 1·300 58 .. 1 0.2 
11 M-3 1 1 .. 532 1.338 5908 0.1 
1 1.495 1.306 58 .. 4 0.2 
\D (0--:] 0\ Frame 
~ 
f;j 
Maximum Measured 0\ j-J j-J j-J j-J .......... Resistance· . . . . j-J 
0\ 0\ 0\ \J1 '-' Elastic Limit Resistance +:- 0\ 0 \J1 
.-
j-J j-J Average Measured j-J j-J ..- Resistance . . . . f\) 
0\ 0\ \J1 \J1 ~. 
0 0 \J1 f9 Elastic Limit Resistance 
0 ~a §l~ 
~H 
ti1gs 
t:-'~ I; 
~~ lilt? 
Predicted j-J j-J j-J j-J .......... Resistance . . 0 i \.N 
\J1 \J1 +:- \J1 ......... 
-1 \.N \D \>I Elastic Limit Resistance 
~~ ~i ~~ 
~~ 
Per Cent Difference 
+ + . I lOOx (2) - (3) j-J ..j:::"' \>I 0 
. o • . (2) \.0 ..f="\.O --:] 
-, 
~ 
CIl 
~ 
~ 
txj 
~. 
-"-:'~'''''''''''~''-~'~ ~' .. 
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(.) 2.0 § 
..f.:» 
Ol 
...-i 
G) ~ 
1·5 (.) G) 
fa p:; 
..f.:» ..f.:» 
O'l...-i 
..-i S 1.0 tIl...-i 
~ H 
(.) 
Of"'! 
..f.:» 
0·5 0) 
If Theoretical Dynamic 
I r Measured Dynamic 
--
--
! V, L-----" ~ ~ ~ -~ - . 
Jh V--1'-- Theoret ical Static 
W 
I ~ 
@ ~I Statically Determinate 
0 0 
2·5 
~ 
(.) 
~ 2.0 CJ 
..f.:» 
O'l 
...-i 
(0 Ul 
(.) J! 1·5 ~ 
.,:> .,:> 
m oM 
..-i 6 
m.,.... 
~ H 
(.) 
..-i 
.,:> 
m 
oj 
~ 
0 0 
Fig. 1 
10 
I I I 
20 30 40 
. Deflection 
Elastic Limit Deflection 
Theoretical Static with 
20 Per Cent Increase in 
Yield Stress 
...1 
Measured Dynamic 
10 
Statically Indeterminate 
20 30 
Deflection 
Elastic Limit Deflection 
40 
COMPARISON OF T.H@ DYNAMIC RESISTANCE RELATIONSHIPS 
FOR DETElRMINATE AND INDillTillRMIN.l\TE STRUCTURES 
",:!O-
50 
23 
APPENDIX 
ABSTRACTS OF REPORTS 
10 Notes on the Analysis of Obliquely Loaded Beams 
in the Inelastic Range 
by 
Wo Egger 
Civil Engineering Studies 
Structural Research Series Noo 98 
University of Illinois 
April 1955 
* The previous investigation of the static load capacity and 
24 
response of obliquely loaded beams in the inelastic range was restricted 
to a small range of deflections by limiting the maximum magnitude of the 
strains to the so-called "flatU portion of the stress-strain relation-
ship 0 This restriction excluded the influence of the strain-hardening 
of the material on the load-capacity of the beam 0 The elasto-plastic 
theory described in the report, though describing the behavior of the 
structure reasonably well, was not suitable for a pract~cal solution of 
the obli~ue loading problem. 
In order to overcome the limitation of the elasto-plastic theory 
on the strain magnitude, the theoretical solution has been extended to 
include the influence of strain-hardening of the material on the load 
capacity so that the response can be predicted up to deflections of 
approximately 20 times the elastic limit displacemento It was found that 
the contribution of the strain-hardening to the load-capacity could be 
obtained directly from the previous elasto-plastic analysis so that a 
minimum of additional computation is required to extend the range of 
applicability of the theoryc 
* Howland, F. L., Egger, W.,Mayerjak, R. J., and Munz, R. J., llStatic and 
Dynamic Load-Deflection Tests of Steel Structures 11 Civil Engineering 
Studies, Structural Research Series Noo 92, University of Illinois, 1955-
25 
By means of the extended theoretical solution it was possible to 
evaluate the applicability of the rigid-plastic analysis method by 
comparing the response and load-carrying capacity of a cantilever beam 
for various directions of load applicationo This comparison has indicat-
ed that the rigid-plastic analysis can be used to predict the deflection 
path with sufficient accuracy except for the cases in which the load is 
applied at a small angle to the web or Y-axis of the section. Ma.jor 
differences b~tween the results of the theories occur in the predicted 
load-capacity since the limiting capacity of the rigid-plastic theory 
is the tlfully-plastic fT resistance for the structure which neglects the 
contribution of the strain-hardening of the material to the load-capacityo 
The maximum resistance obtained using the elasto-plastic strain-hardening 
theory is determined :from the stress-strain relationship and is approxi-
mately 20 per cent greater than the static tlfully-plastic ll resistance 
when the maximum deflection is approximately 20 times the elastic limit 
deflection. 
20 Shear Deflection of ~ide Flange Steel Beams 
in the Plastic Range 
. by 
Wo J 0 Hall , 
Civil Engineering Studies 
Structural Research Series No. 86 
University of Illinois 
November 1954 
Methods of utilizip~ the reserve plastic strength of steel in 
structural design applications have merited considerable attention in 
recent years. Since deflections, rather than loads and stresses, 
often may be the controlling factors in such design, it is imperative 
that it be possible to calculate or at least make an estimate of the 
deflections under a specified loading in the plastic rangeo A review 
of the literature indicates t~~t the discussions of the deflection of 
structures loaded beyond the elastic limit have been restricted to 
bending alone. Little theoretical or experimental ip~ormation is avail-
able on the plastic deformation of structural beam sections in which 
high shear forces are present 0 
In order to study the deflection characteristics of beams 
subjected to b~gh shear forces, two continuous beams of BWF58 as-rolled 
section were testedo The main. span of the beams was 9 ft and the over-
hang~ used to maintain the end fixity of the latter span were 4 ft 5 ino 
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long 0 The central load points were symmetrically spaced at the one-third 
points for the first beam and at the one-sixth points for the second beamo 
Each beam thus had sections subjected to pure bending, bending combined 
with low shear, and bending combined with high shearo Loads, strains, 
and deflections were measured, and pictures of the whitewashed portions 
were taken to record the yield patternso In o!"der to make the pertinent 
data available to other investigators, the load, shear, moment, and 
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deflection data at key points are tabulated in the reporto The detailed 
results of the tests are presented in tables and figureso In analYZing 
the data it was assumed that the de~lection due to bending and shear could 
be separated and that their combined ef~ect could be obtained by super-
positiono From the shear versus shear strain data~ a shear stress-strain 
cu-rve was derived which can be .used to estimate the component of deflec-
tion caused by shear when regions of the beam have undergone general 
shear yieldingo As far as is known from the literature, these tests 
represent the first large-scale tests of continuous beams loaded far into 
the plastic range in which extremely high shear forces are presento On 
the basis of these tests it is concluded that no measurable reduction in 
the moment capacity (for the section and span used) was indicatedo 
The importance of the shear aspect and its effect on the behavior 
of beams is evaluated briefly 0 Theoretical examples are presented which 
illustrate the effects of general shear yielding of the web on the deform-
ation characteristics of beamso This could be of major importance when 
shear yielding of the web OCCllrSo 
A paper of the same title by W 0 J 0 Hall and No Mo Newmark will be 
published as a Proceedings Separate of the American Society of Civil 
Engineers in the very near future 0 This paper is a condensed sUJ:IJlIBry of 
the data presented in the above report but in addition compares some of 
the test results with current design specificationso Portions of the test 
results indicate that where large shear forces are present the factors of 
safety may be somewhat lowo This would seem to be particularly true for 
loadings of the type used in these testso These are admittedly unusual, 
but they are not covered properly by the specificationso 
30 Inelastic Behavior of Mild Steel Beams Subjected 
to Transverse Impact 
by 
Fo Lo Howland 
Civil Engineering Studies 
Structural Research Series Noo 106 
University of Illinois 
August 1955 
The response and resistance of a dynamically loaded mild steel 
beam has been approximated by consideration of a single-degree-of-
freedom model that is simpler for dynamic analysiso The resistance of 
the beam and model has been considered to consist of the following 
phases: (1) an initial elastic resistance; (2) a subsequent inelastic 
resistance which may be a function of the displacement~ velocity, and 
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time; and (3) finally~ a recovery resistance that is essentially elastico 
The elastic phases of the resistance are functions of the displacement 
only and have not been considered in this investigation 0 
The initial phase of the inelastic resistance of the model was 
found to be a function of the velocitYJ the time J and the static elasto-
plastic resistanceo This time-dependent resistance bas been assumed to 
be given by the following expression~ 
o 
where wand R are the rate of change of the displacement and resistance, 
res~ectivelYJ with respect to time; K is the elastic spring constant; R 
is the resistance; and Rfp is the static lIfully-plasticn resistance 0 
I 
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The time-dependent resisting function is applicable until the time that 
it is equal to or less than 'the static resistance, which includes the 
effect of strain-hardening of the materialo 
From the information in the literature, and from a considera-
tion of the static inelastic deformation process, it was found that the 
parameter a could be expressed as follows: 
where u i is a dimensionless velocity, T is the period of the beam, and 
t3, C J and n are constants 0 The constant t3] which is determined by the 
load distribution along the beam] relates the velocity u B to the maxi-
mum strain-rateo Because of the derived form of t3, the time-dependent 
resisting function is restricted to statically determinate beamso The 
constant C is essentially a dynamic shape factoro Both C and n are 
determined, in part, by the relationship between the lower yield stress 
of the material and the strain-rateo 
The applicability of the procedure was investigated by predict-
ing the response of several beams and frames for known loads and 
comparip~ the predicted response with the response measured in testso 
This comparison has indicated that the magnitude of the derived constants 
are essentially correct but that further adjustment of the constant t3 is 
necessaryo 
From a brief study of the time-dependent resistance, an approxi-
rna te method has been outlined for estimating a dynamic n fully-plastic lf 
reSistance to replace the more complex time-dependent resistanceo 
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Two additional investigations are included as Appendices: 
(1) A criterion for estimating the dynamic elastic limit resistance 
and displacement of the structureo This criterion is based on the 
available information concerning the delay time for yielding. (2) A 
serrdgrapbical procedure for including the effect of strain-hardening 
of the material on the static resistance and response of inelastically 
deformed structures. 
4. A Study of the Resistance of MOdel Frames 
to Dynamic Lateral Load 
by 
Ro J 0 Mayer jak 
Civil Engineering Studies 
Structural Research Series NOe 108 
University of Illinois 
August 1955 
The resistance of model steel frames subjected to dynamically 
31 
applied lateral loads which produce large deflections (nearly 30 times 
the elastic limit deflection) is studied 0 The results of static and 
dynamic tests are presentedo These provide a basis for the comparison 
of the dynamic with the static resistance of model frames., 
The models used in these tests were made from ASTM A-7 steel 
and were machined to be approximately l/4 scale replicas of a standard 
6 WF 25 sectiono In all of the tests the sections were tested in their 
strong direction of resistance., There were two center loaded simple 
beam tests, one third point ~oaded simple beam test, four rigid top 
girder frame tests, and six flexible top girder frame tests. In two 
of the flexible top girder frame tests, axial loads were applied to 
the columns of the frames in addition to the lateral loado The rigid 
top girder frames were square bents approximately 15 in. by 15 ino 
The flexible top girder frames were rectangular bents approximately 
1605 in. high and 30 in~ long 0 
The experimentally determined resistance functions for the 
frames tested in this investigation are in good agreement with those 
theoretically predicted. It was found tb~t the characteristics of the 
resistance function for dynamic loading conditions can be explained 
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and ~redicted by taking into account the d~c stress-strain properties 
determined from investigations of tensile coupons of a similar material. 
Relationships for estimating the resistance function of full 
sized structures subjected to dynamically applied loads are developedo 
The Frocedures are based on dimensionless relationshi~s which enable one 
to determine the angle change in a member subjected to large inelastic 
deformations 0 When this is done, the load-deflection analysis can be 
made by conventional procedureso 
50 The Response of Model Frames Subjected to 
to Dynamic Lateral Loads 
by 
Co L. Wilkinson 
Civil Engineering Studies 
Structural Research Series Noo 99 
University of Illinois 
June 1955 
The investigation of the response of model frames with a rigid 
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top girder consisted of four model frame tests, in which each frame was 
subjected to a dynamic lateral load applied along the axis of the top 
girder 0 The model frames were two column bents with a rigid girder and 
fixed colQ~ baseso The columns were approximately one-quarter scale 
models of a standard 6 WF 2500 section and were oriented in the strong 
direction of resistanceo The columns were machined from strips cut 
from a 2 ino thick ASTM A-7 steel plate which were stress relieved to 
reduce the difficulties in the machining operationo 
The values o~ lateral load, acceleration and deflection measured 
in the tests were used to compute the dynamic resistance of each frame 
by assuming the fr~me to be a sir~le-degree-of-freedom systemo With the 
measured deflections as a fllnction of time J the resistance-deflection 
relationship for the fTames -was obtained 0 The observed dynamic resistances 
for the frames are compared with the theoretical static resistance. 
The d)~amic resistance of the frames tested in this investigation 
was observed to be higher at yielding than the static yield resistanceo 
After yielding occurred, this increased resistance continued for the 
initial portion of the inelastic response and then decayed and merged 
with the theoretical static resistance. After the initial portion of 
the inelastic response, the dynamic resistance was essentially e~ual 
to the static load-deflection relationship. 
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The dynamic resistance observed in this investigation was 
considerably greater than the static resistance observed during static 
tests of similar frames since the local and lateral buckling of the 
columns, which reduced the capacity of the frames in the static tests, 
did not have time to occur during the dynamic testso 
60 The Response of Beam-Columns Subjected 
to Dynamic Lateral Loads 
by 
R. Fa Wojcieszak 
Civil Engineering Studies 
Structural Research Series No~ 100 
University of Illinois 
June 1955 
The investigation of the response of dynamically loaded beam-
columns consisted of testing in a drop test machine four pin-ended 
beams with an effective span of 80 ino The beams were fabricated from 
4 M 1300 rolled sections which were normalized to obtain uniform 
material propertieso One pair of the specimens was tested in the 
strong direction while the other pair was tested with the section 
oriented in the weak direction with respect to the applied lateral 
load 0 One specimen in each pair was subjected to a constant axial 
load in addition to the dynamic lateral loado 
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A test consisted of dropping the 500 lb weight of the drop test 
machine from several heights so as to vary the energy input 0 In each 
test the lateral load, deflected shape of the beam~ strains, and axial 
load, if present) were recorded as functions of timeo 
The test results indicate that increaSing the energy input 
increases the duration). the amplitude of the load and the maximum deflec-
tiono In general) the axial load did not appreciably affect the resist-
ance of the strong direction when the center deflection was less than 
three times the static yield deflectiono However, when the deflections 
were greater than this the resistance o~ the axially loaded specimen 
was considerably less than the resistance of the specimen without 
axial loado With the weak direction specimens, as was expected, the 
resistance relationship was more severely affected by the axial load 
than was noted in the tests of the specimens with the section oriented 
in the strong directiono 
The correlation of the dyr~mic resistance with the theoretical 
static resistance was obtained by comparing the actual energy-input and 
maximum deflections with the strain energy predicted from the theoretical 
static resistance-deflection relationship at the same deflectiono When 
the energy input at the maximum deflection was greater than the corres-
ponding strain energy predicted using the theoretical static resistance, 
the yield stress was increased until the strain energy approximately 
equalled the energy input measured in the teste 
From the comparison or the energy versus maximum deflection 
relationship for the specimens, it was. found that higher values of the 
yield stress were required as the energy input increasedo It was also 
found that the axial load had little effec~ on the resistance in the 
deflection range from approximately zero to three times the static 
yield deflectione However, for larger deflections the axial load 
caused the resistance to decrease with increasing deflections in the 
same manner as was noted in the static tests of beam-columnso In the 
case of the weak direction specimens the increase in yield stress with 
increased energy-input was smaller than noted in the strong direction 
testso 

